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Abstract

Enzyme function requires conformational changes to achieve
substrate binding, domain rearrangements, and interactions
with partner proteins, but these movements are difficult to
observe. Small-angle X-ray scattering (SAXS) is a versatile
structural technique that can probe such conformational
changes under solution conditions that are physiologically
relevant. Although it is generally considered a low-resolution
structural technique, when used to study conformational
changes as a function of time, ligand binding, or protein in-
teractions, SAXS can provide rich insight into enzyme
behavior, including subtle domain movements. In this
perspective, we highlight recent uses of SAXS to probe
structural enzyme changes upon ligand and partner-protein
binding and discuss tools for signal deconvolution of complex
protein solutions.
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Introduction to SAXS

In a biological SAXS experiment, a monochromatic
collimated X-ray beam 1is incident upon a solution
sample, and the scattering is measured by a downstream
detector (Figure 1a) [1]. A solution of randomly oriented
protein produces scattering that is symmetric about the
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beam center. The 2D image is therefore integrated
azimuthally to obtain a 1D profile. Once background
scattering is subtracted, we obtain the scattering profile,
I(g) vs. ¢, where [ is the net intensity, and ¢ is the mo-
mentum transfer variable, defined as ¢ = (47 sin 6)/A.
Here, 26 is the scattering angle, A is the incident X-ray
wavelength, and the unit of ¢ is A™ .

Because of the reciprocal relationship between ¢ and
length scale, the low-¢ region of a scattering profile re-
ports on the overall size and shape of a protein, while
higher-¢ regions report on smaller structural features
(Figure 1b). Guinier analysis (Figure 1c) utilizes the
low-¢ region to produce /(0), the forward scattering (a
function of molecular weight), and R,, the radius of
gyration (a function of spatial size), while Kratky anal-
ysis (Figure 1d) highlights structural features observed
in the mid-¢ range, such as domain arrangements. For
monodisperse samples, SAXS data can also be assessed
in real space using the pair-distance distribution func-
tion, P(r), which is obtained by an indirect Fourier
transform of /(¢) (Figure 1g). P(r) can be understood as
a histogram of all electron pair distances, 7, within a
protein, and therefore provides an estimate of maximum
dimension, D,,,,, and another means to calculate /(0)
and R,. Further details on these basic analysis methods
can be found elsewhere [1,2].

A useful feature of SAXS is that the signal is roughly
additive at protein concentrations typically used, and
therefore, the scattering from a mixture can be treated
as a linear sum of the individual contributions. When the
structures of the individual components are known, the
sum of their theoretical scattering can be fit to SAXS
data to estimate the concentration of each species [3].
However, in recent years, model-independent methods
have appeared, in part due to the introduction of size-
exclusion chromatography-coupled SAXS (SEC-SAXS).
Because SAXS is extremely sensitive to aggregation,
mismatched buffer, and other issues with sample qual-
ity, SEC-SAXS is now a common mode of data collection
at most beamlines. Scattering is measured from samples
immediately as they elute from a column, resulting in a
3D dataset with scattering intensity as a function of
both ¢ and elution volume (Figure le). If there is no
change in the scaled scattering across multiple frames,
the profiles can be averaged to increase signal-to-noise.
However, in practice, chromatography is often unable
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List of abbreviations

SAXS small-angle X-ray scattering

SEC-SAXS size-exclusion chromatography-
coupled SAXS

AEX-SAXS anion-exchange chromatography-
coupled SAXS

SVD  singular value decomposition

EFA  evolving factor analysis

REGALS regularized alternating least-squares

L-Phe L-phenylalanine
PheH phenylalanine hydroxylase
PEP  phosphoenolpyruvate

E4P erythrose 4-phosphate

DAH7PS 3-deoxy-D-arabino heptulosonate-7-
phosphate synthase

CM chorismate mutase

PLLCe phospholipase Ce

MCP  methyl-accepting chemotaxis proteins

PDS  pulse-dipolar electron-spin
resonance Spectroscopy

FRET Forster resonance energy
transfer (microscopy)

sGC  soluble guanylate cyclase

RNR  ribonucleotide reductase

dAMP deoxyadenosine monophosphate

dATP deoxyadenosine triphosphate

ATP  adenosine triphosphate

PETRA III Positron-Elektron-Tandem-Ring-
Anlage 111

NBD nucleotide-binding domain

cryo-EM cryogenic electron microscopy

to adequately separate protein mixtures. Protein com-
plexes with relatively high dissociation constants or a
species that is interconverting rapidly with another
species (e.g., a dynamic monomer-dimer equilibrium),
may not elute as sharp, isolated peaks. Singular value
decomposition (SVD) of SEC-SAXS data often reveals
that there are multiple species even within single peaks

developed to utilize iterative SVD to recover scattering
profiles and elution peaks of overlapping species
from SEC-SAXS data in a model-independent way
(Figure le,f,g) [4]. Recently a more general method,
known as regularized alternating least-squares
(REGALS), was developed for deconvoluting complex
SAXS data without imposing prior structural or physi-

(Figure 1f). Evolving Factor Analysis (EFA) was ochemical knowledge [5]. These deconvolution
Figure 1
b c d x102
a 102 50fF—T—T— T 6O ——
S 10" 4.5 \‘. E — a0l
= = e S
1 Z40r *oe, 1 & 0 mM L-Phe
= = e
2 £ a5} e 4 % 20f
S 10 — 1 mM e . . e
£ 30 ——80mM o ook 1 MM L-Phe ~WRE
L . X L 1 1 1
00 05 10 15 20 28 0.00 0.05 0.10 0.15 0.20
(A% x0 q (A"
e f x10 3
T T T {55 T T .
S g ] 100k .
2 5]
=y =0 ~0751 i
SAMPLE CELL: 2 8 T
X_rays sinale Infoctl 5 s 050}
gle injection = > ,l @ 4
or continuous flow - (’,5) 10 0.25H
0.00
0
Current Opinion in Chemical Biology

SAXS overview. a) SAXS experimental set-up. b-g) SAXS analysis example illustrating the effect of L-phenylalanine (L.-Phe) on mammalian phenylal-
anine hydroxylase (PheH) [4]. b) Scattering profiles of PheH with different L-Phe concentrations (0 mM, dark blue; 1 mM, green; 80 mM, grey). Changes in
the low- (*) and mid-q regions (**) can be further examined by Guinier and Kratky analyses. ¢) The Guinier plot of PheH at 1 mM L-Phe (green) is linear,
indicating that the Ry is well-defined, while at 80 mM L-Phe (grey), the upturn at low g indicates aggregation. d) The Kratky plot of PheH at several

concentrations of L-Phe from 0 mM (dark blue) to 1 mM (green) clearly shows changes in the mid-q region. e) SEC-SAXS dataset collected on ligand-free
PheH (grey surface) shows elution and scattering angle on two separate axes. To recover the scattering and elution profiles of the two over-lapping

species (blue and orange surfaces), EFA or REGALS can be used. f) Prior to deconvolution, SVD analysis of the SEC-SAXS dataset (grey surface in
panel e) revealed two significant components in the dataset (filled circles). There is a third significant value in this dataset because of a buffer component
that eluted after the protein (not shown in panel e). g) P(r) plot shows how the shape and D,y of the two conformationally distinct species (labeled 1, 2)

differ.
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methods can be applied to datasets that capture changes
in populations, and thus SAXS is especially powerful for
the study of conformational changes.

To take full advantages of SAXS, it is also important to
be aware of the limitations. SAXS data have very subtle
features, and distinct structures may produce nearly
indistinguishable scattering profiles [6]. Moreover, SVD
can only discriminate species with scattering profiles
that are distinguishable above the noise. Having
biochemical knowledge of the sample is therefore ad-
vantageous for designing SAXS experiments that yield
interpretable results. Experimental considerations
include maintaining structural stability (e.g., samples can
dilute by an order of magnitude in SEC) under solution
conditions that are biochemically relevant. It is also
important to note that techniques like EFA or REGALS
should not be used in place of preparing the highest
quality samples possible. In ideal cases, data decompo-
sition with EFA and REGALS leads to stable solutions
where the species of interest are dominant, and the
extracted scattering profiles do not significantly change
over a wide range of parameters. Confidence in data
interpretation is demonstrated by consistency among
the various types of SAXS analyses as well as consistency
with other biochemical and biophysical data.

Using SAXS to assess compaction and
changes in flexibility

Changes in the extendedness or flexibility of a protein can
be readily assessed by SAXS [7—14]. Below, we highlight
two case studies [15,16]. In both, Kratky and P(r) ana-
lyses were used to probe domain movements in response
to allosteric activation, and SEC-SAXS was used to obtain
the highest quality data possible, which is necessary to
make robust conclusions about subtle changes.

Allosteric enzymes play an important role in controlling
the flux of biosynthetic pathways. In the shikimate
pathway, there are two major points for controlling the
biosynthesis of aromatic amino acids: the entry point and
branch point. The pathway begins with the condensation
of phosphoenolpyruvate (PEP) and erythrose 4-
phosphate (E4P) and ends with the production of
chorismate. The enzyme 3-deoxy-D-arabino heptuloso-
nate-7-phosphate synthase (DAH7PS) performs the first
step, while chorismate mutase (CM) serves as the branch
point for the synthesis of Tyr and Phe by converting
chorismate to prephenate. In Prevorella nigrescens (Pn),
CM is fused to the C-terminus of DAH7PS to form one
bienzyme DAH7PS-CM. Bai and Parker used SAXS to
examine an unusual form of allostery where the product
of CM acts as a feedback inhibitor for DAH7PS, and the
substrates of DAH7PS upregulate the activity of CM
[15]. Scattering data were collected with an SEC-SAXS
setup at the Australian Synchrotron (SAXS/WAXS
beamline) with various ligand combinations. Addition of
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DAH7PS substrates led to a reduction in R, of the
bienzyme concomitant with a sharpening of the Kratky
peak (Figure 2a) and a flattening of the plateau region in
the Porod-Debye plot (Figure 2b) — all consistent with
compaction of the bienzyme. In contrast, in the presence
of prephenate, the bienzyme adopts a compact form with
or without DAH7PS substrates (Figure 2c and d). These
results suggested that when prephenate levels are low,
the DAH7PS substrates activate CM by inducing a
compact conformation (Figure Ze). By upregulating CM,
prephenate would begin to accumulate, and with the
bienzyme already in a compact configuration, only a
subtle conformational change would be needed to
occlude the active sites of DAH7PS and in turn, shut
down the pathway.

Similar SAXS analyses were used by Sieng and co-
workers to study allosteric activation of a phospholi-
pase [16]. Phospholipase Ce (PLCe) hydrolyzes lipids
from the cellular membrane to produce signaling mol-
ccules, and the enzyme is activated by RaplA, a small
Ras-GTPase. From a structural standpoint, PLCe is
interesting as it consists of several domains: an N-ter-
minal guanine-exchange domain, multiple core do-
mains, and C-terminal Ras-binding domains. The
authors first used truncated constructs of Rartus
norvegicus PLLCe to determine which domains were
necessary for activation by a constitutively active
Rap1A variant (RaplAGlZV). While it was expected that
the C-terminal domains would be required, the authors
found that core domains that are N-terminal to the
catalytic domain were also necessary. SEC-SAXS and
EFA were performed at the Advanced Photon Source
(BioCAT beamline) using a PLL.Ce construct consisting
of the core domains and C-terminal Ras-binding do-
mains only (PH-COOH). Addition of Rap1A®!?V led to
a slight reduction in R,, accompanied by subtle
sharpening of both P(r) and the Kratky peak. Notably,
P(r) of PH-COOH on its own is skewed, indicating
that the enzyme is somewhat extended. When
complexed with RaplAGlZV, P(r) is more symmetric,
indicating that the complex is more compact. Com-
bined, these results suggest that PLLCe is flexible and
that RaplA-dependent activation entails recruitment
of multiple domains, likely both N- and C-terminal to
the catalytic domain, to form a compact state. In the
full-length enzyme, this conformational change, in
turn, may also serve to bring the tethered guanine-
exchange domain closer to the bound GTPase.

SAXS to build models of protein complexes
and assemblies

Because the scattering intensity scales as the square of
the molecular weight, SAXS is particularly sensitive to
changes in oligomerization state. As a result, SAXS is a
useful tool for understanding how proteins associate to
form complexes and assemblies [11,12,17—27].
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Pn DAH7PS-CM enzyme compaction in response to substrate and product binding. Top panels compare Pn DAH7PS-CM SAXS analysis for ligand-
free state (black) with addition of DAH7PS substrates/cofactor, PEP/Mn?* (red) or PEP/Mn*/E4P (blue), via a) Kratky and b) Porod-Debye plots. The
bottom panels demonstrate lack of change when CM product prephenate is bound alone (black), in the presence of PEP/Mn2* (red), or PEP/Mn?*/E4P
(blue), via ¢) Kratky and d) Porod-Debye plots. Panels a—d: adapted under permission (copyright Elsevier, 2021) [15]. e) AlphaFold2 models of Pn
DAH7PS-CM modified to illustrate compaction expected upon DAH7PS substrate binding (not fit to original data).

Similarly, SAXS can also assist in the design of ¢ novo
protein assemblies [28,29].

SAXS can also be combined with prior knowledge from
other methods to define the overall architecture of pro-
tein complexes and assemblies that are otherwise chal-
lenging to visualize. The trans-membrane assembly
involved in bacterial chemotaxis is one such system. To
adjust flagella rotation in response to the environment,
bacteria like Escherichia coli (Fc) and Thermotoga maritima
use a complex chemoreceptor array consisting of methyl-
accepting chemotaxis proteins (MCPs), a coupling pro-
tein CheW, and a protein kinase CheA to relay chemical
signals from the cell surface to the cytoplasm. In a study
by Muok and co-workers [30], SAXS was combined with
multiple biophysical and biochemical methods to piece
together how these proteins interact. Engineered com-
plexes were stabilized by disuccinimidyl sulfoxide
crosslinking and examined by SEC-SAXS at the Cornell
High Energy Synchrotron Source (formerly G1 line,
currently known as ID7A). The Kratky plot of the EFA-
separated profile displayed a sharp peak indicating that
the complex is well-packed, compared to the apparent
flexibility of CheA alone [31]. However, it also displayed

a shoulder that could be a result of an open structure
between some subunits, as observed in the 2D classes
from cryo-EM. Because a 3D reconstruction could not be
obtained by cryo-EM, the complex was modeled
computationally by incorporating restraints from cross-
linking mass spectrometry analysis, pulse-dipolar elec-
tron-spin resonance spectroscopy (PDS), and subunit
crystal structures. Multiple models were generated, in
which flexible linkages were conformationally sampled in
Rosetta, and the final working model was selected based
on agreement with SAXS data.

Structure determination of complex systems, like the
above example, remain challenging because they may
exhibit conformational and/or compositional heterogene-
ity. A major advantage of using SEC-SAXS with EFA is that
they can enable the characterization of compositionally
pure states. Although flexibility poses a challenge to
structure determination, the structures of folded domains
and subunits can now be more easily predicted by
methods like AlphaFold [32] and
RoseT'TAFold [33]. By combining partial models with
distance restraints from other biophysical methods (e.g.,
PDS, single-molecule Forster resonance electron transfer
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(FRET), protein cross-linking analysis), models of the full
assembly can be generated for validation against SAXS
data. We anticipate that this approach will be especially
useful for investigating the assembly of protein complexes
and of highly flexible multi-domain enzymes.

Detailed SAXS analysis of conformational
transitions

One of the most powerful uses of SAXS is to assess
conformational transitions upon ligand or protein-
partner binding [8,9,34]. A notable example is a study
by Horst and co-workers, in which cryo-EM and SAXS
were used to study the activation of soluble guanylate
cyclase (sGC) by nitric oxide (NO) [35]. In mammals,
sGC plays an important role in the NO signaling path-
ways of cardiovascular and neurological systems. Struc-
turally, sGC consists of two subunits (¢ and B), each
forming a dumbbell wherein regulatory domains are
connected to a catalytic domain at the other end by a
coiled-coil domain. The o and B subunits dimerize in
parallel orientation such that the catalytic domains form
an active site at the dimer interface. The regulatory lobe
of the enzyme is asymmetric in that only the B subunit
contains the heme cofactor needed for NO binding. To
investigate structural changes upon activation of
Manduca sexta sGC, the authors performed SEC-SAXS at
the Advanced Light Source (SIBLYS beamline) using
diethylamine NONOate to introduce NO into the so-
lution. Of the analyses presented, the Kratky plots
showed the clearest and most dramatic change. In
response to NO binding, the shoulder in the Kratky plot
becomes significantly more pronounced, indicating that
activation leads to an opening of the structure. Using
cryo-EM and a small-molecule stimulator, the authors
investigated the transition to an even more active form
and found that ligand-binding in the regulatory lobe
leads to rotational movement of the coiled-coil domains
that transmits to the catalytic lobe, ultimately opening a
pocket for the substrate.

SAXS can also be used to characterize conformational
transitions and guide structure determination of stable
states. The work by Thomas and co-workers on ribo-
nucleotide reductase (RNR) is an exemplar of this type
of application [36]. RNRs catalyze a reaction essential to
DNA-based life, the conversion of ribonucleotides to
deoxyribonucleotides. Class I RNRs require two sub-
units for turnover: a catalytic o-dimer (o) where
nucleotide reduction occurs and a B-dimer () where
radical transfer is initiated. Many RNRs possess an N-
terminal ATP-cone domain on the o subunit that, in
response to dATP binding, induces higher order oligo-
merization which inhibits radical transfer between o,
and B,. Activity regulation was thought to not occur in
class Ib RNRs due to a characteristic truncation of the
ATP-cone. However, work on the Bacillus subtilis (Bs)
class Ib RNR showed that it is inhibited by dATP and
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that inhibition is enhanced by dAMP binding the
truncated ATP-cone [37]. In this study, anion-exchange
chromatography-coupled SAXS (AEX-SAXS) and
REGALS were critical in demonstrating that the o
subunit is a monomer in the nucleotide-free state and an
elongated dimer with a non-canonical interface when
bound to dAMP (Figure 3d).

Building from this work, Thomas, et al. performed SAXS
titrations on both the nucleotide-free o and the dAMP-
bound non-canonical o, [36]. For both, addition of
dATP led to a dramatic increase in the Ry, indicating that
Bs RNR undergoes higher order oligomerization, much
like an RNR with a full ATP-cone. SVD on each of the
titration series yielded two significant singular values,
corresponding to a starting and final species, while the
SVD of the two series combined surprisingly yielded
three, indicating that the two titrations lead to the same
end point (Figure 3a). This result suggested that the non-
canonical 0, must be a component of the final structure.
By performing SEC-SAXS and EFA (Figure 3b), the au-
thors isolated the scattering from the dATP-bound o and
found that the Kratky plot could be described by a hollow
cylinder (Figure 3c). Using solution conditions deter-
mined by SAXS, Thomas, et al. then determined the
cryo-EM structure and found that indeed, dATP binds
two different allosteric sites to promote the assembly of
the o subunit into helical structures, which in turn
dimerize into a hollow, double helical filament
(Figure 3d). In this study, titrations and SEC-SAXS
performed at the Cornell High Energy Synchrotron
Source (beamline G1/ID7A) were used extensively to
map six oligomerization states of Bs RNR and guide
structure determination by cryo-EM and crystallography.

Capturing transient states with time-
resolved SAXS

Finally, a key application of SAXS is to study transient
structural states. Because of the relatively simple re-
quirements for a SAXS setup, many different types of
experiments can be performed. Conformational changes
can be probed in a time-resolved manner using various
mixing methods (e.g., stopped flow, laminar flow, chaotic
flow) as well as pump-probe methods.

Josts and co-workers used two different experimental
setups to probe the ATP-induced dimerization of the
nucleotide-binding domains (NBDs) of a bacterial lipid
flippase (£c MsbA) and their subsequent dissociation
following ATP hydrolysis [38,39]. In the first study, the
authors used a continuous flow setup at the European
Synchrotron Radiation Facility (beamline 1D09) to
capture early time points in this reaction by using photo-
dissociating ATP (ze., 1-(2-nitrophenyl)-caged ATP) to
release ATP into the into reaction mixture in <10 ms
[38]. SAXS data were collected at several time points
from 50 ms to 1.4 s. As is common with pump-probe
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Deconvolution of Bs RNR conformational transition observed by SAXS. a) The singular values (filled in circles) derived from SVD analysis of the
titration series of the ligand-free a. subunit of Bs RNR with dATP (grey), the dJAMP-bound non-canonical o, with dATP (orange), and a combination of both
datasets (blue). b) SEC-SAXS was performed on the dAMP-bound non-canonical o, with a saturating concentration of dATP in the presence of substrate
(inset). Two scattering components were deconvoluted by EFA, denoted as 1 & 2 (main plot). €) The major species, 1, shows features of a hollow cylinder
model. Panels a—c: adapted under Creative Commons Attribution 4.0 International License [36]. d) Structures illustrating conversion of RNR o. monomer
(PDB: 6MT9) and dAMP-bound non-canonical a, (PDB: 6CGL) to inactive filament (PDB: 6MYX) in the presence of dATP.

SAXS experiments, a scattering profile collected in the
dark was subtracted from the dataset to produce dif-
ference profiles. SVD performed on the difference
dataset yielded two significant singular values, one major
and one minor. In a difference dataset, a two-state
transition yields one significant singular value. The
presence of a second significant singular value thus led
to the conclusion that the dataset captured an early
intermediate in addition to a monomer-to-dimer tran-
sition. In the second study, a stop-flow mixer at PETRA
IIT (beamline P12) was used to examine the time points
between 175 ms and 120 s [39]. SVD analysis performed
on a buffer-subtracted dataset led to two significant
singular values that corresponded to monomer and
dimer (Figure 4a). Each scattering curve was then fit to
linear combinations of the theoretical profiles of the two
species generated from their reported crystal structures.
This analysis revealed that introduction of ATP leads to
dimerization of a fraction of the NBDs during the first
10 s, followed by their slow dissociation (Figure 4a, d).

Although the transient MsbA-NBD dimer could be
quantified because of the availability of crystal

structures, high-resolution structures may not always be
available or may not accurately represent solution
structures. To address this issue, Meisburger, et al.
developed REGALS and applied it to the MsbA-NBD
stopped-flow dataset [5]. The REGALS analysis incor-
porated basic assumptions that: (1) the transition
involved only two species, as determined by SVD; (2)
scattering profiles should be smooth; (3) dimers had
completely dissociated at the final time point; and (4)
monomer and dimer have maximum dimensions in so-
lution. By applying alternating least-square refinement
between observed and calculated scattering intensities
under the constraint of these assumptions, REGALS
was able to decompose time-resolved SAXS data
without using prior structural knowledge. The recov-
ered concentration curves agreed well with the results of
the original paper (Figure 4b), and the extracted scat-
tering profiles of the MsbA-NBD monomer and dimer
agree with theoretical profiles calculated from models
based on crystal structures (Figure 4c and d). While EFA
can be used for SEC-SAXS data because of the
assumption that eluting species have zero concentration
at the start and end of their elution, REGALS was
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Time-resolved SAXS of the nucleotide-binding domain (NBD) of Ec MsbA. a) Concentrations of individual species obtained by fitting linear com-
binations of the theoretical SAXS profiles calculated from models of the monomer and dimer derived from a crystal structure (PDB: 3B60) [39]. Figure was
reproduced from the original data (SASBDB entry: SASDGVS5) following the methods in the original paper. b) Concentrations derived from REGALS are in
agreement with panel a. ¢) SAXS profiles of the monomer and dimer of Ec MsbA-NBD extracted from the time-resolved experiment by REGALS agree
with CRYSOL predictions from the models described in panel a. Panels b, c: adapted under Attribution 4.0 International (CC BY 4.0) license [5]. d)

lllustration of the transition between monomer and dimer during ATP binding and hydrolysis, generated via AlphaFold2 from the sequence of Ec MsbA-

NBD (residues 337-582).

developed for more complex datasets, such as AEX-
SAXS (where the salt gradient adds a changing back-
ground signal), ligand titrations (where the structures
and/or the concentrations of the interconverting species
are unknown), and time-resolved data (where the goal is
to capture unknown transient intermediates).

Conclusions

In addition to the approaches discussed above, new
SAXS methods are constantly being developed that will
continue to expand our toolbox for the study of enzyme
function. At the Cornell High Energy Synchrotron
Source, for example, enzymes from extremophiles can
be studied at variable pressures and temperatures
[40,41]. In addition, anoxic SAXS has recently become
available for the general user, enabling both flow-cell and
SEC-SAXS of oxygen-sensitive samples, including
metalloenzymes. At the Advanced Photon Source, time-
resolved SAXS, a technique that was once only available
to expert users, is available for studying enzyme kinetics
over a wide range of timescales [42,43]. Finally, in terms

of biochemical problems that remain challenging to
solve, enzymes that exhibit extreme flexibility are at the
top of the list — not just for SAXS but for all structural
techniques. Such enzymes include assembly-line en-
zymes like non-ribosomal peptide synthetases (NRPSs)
and polyketide synthases (PKSs), which may contain
many domains and disordered regions. With the recent
advances in structure prediction, it will be interesting to
see how these computational methods may be inter-
faced with experimental methods to tackle such chal-
lenging problems.
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